Independent isolates of human immunodeficiency virus (HIV) exhibit a striking genomic diversity, most of which is located in the viral envelope gene. Since this property of the HIV group of viruses may play an important role in the pathobiology of the virus, we analyzed the predicted amino acid sequences of the envelope proteins of seven different HIV strains, three of which represent sequential isolates from a single patient. By using a computer program that predicts the secondary protein structure and superimposes values for hydrophilicity, surface probability, and flexibility, we identified several potential antigenic epitopes in the envelope proteins of the seven different viruses. Interestingly, the majority of the predicted epitopes in the exterior envelope protein (gpl20) were found in regions of high sequence variability which are interspersed with highly conserved regions among the independent viral isolates. A comparison of the sequential viral isolates revealed that changes concerning the secondary structure of the protein occurred only in regions which were predicted to be antigenic, predominantly in highly variable regions. The membrane-associated protein gp4l contains no highly variable regions; about 80% of the amino acids were found to be conserved, and only one hydrophilic area was identified as likely to be accessible to antibody recognition. These findings give insight into the secondary and possible tertiary structure of variant HIV envelope proteins and should facilitate experimental approaches directed toward the identification and fine mapping of HIV envelope proteins.
Most patients with acquired immunodeficiency syndrome (AIDS) or AIDS-related complex show specific antibodies directed against proteins of human immunodeficiency virus (HIV), which have virus-neutralizing activity (3, 37, 40, 46) and are supposed to be directed against antigenic determinants located on the surface glycoprotein, as has been shown for other enveloped virus particles. However, the virus seems to have adopted properties which allow evasion of the immune surveillance mechanisms of the host. Differences among various isolates of HIV have primarily been analyzed at the nucleotide sequence level (35) of independent isolates and also recently in sequential viral isolates from the same patient (21) . These variations seem to be concentrated in the envelope protein-encoding region of HIV (20) and may be fundamentally important for the biology and pathogenicity of HIV (40, 50) . For this reason and for the development of viral antigens for diagnostic or vaccine use, it is important to identify and characterize antigenic determinants located in the glycoprotein complex of HIV and to define their possible functions.
In this study, we analyzed the amino acid sequences of the envelope protein complexes derived from the nucleotide sequences of seven AIDS virus isolates (21, 36, 39, 40, 43) , three of which represented sequential isolates from the same patient. The present work is an extension of previously published reports on the genetic variability of the HIV envelope protein complex, which mainly focused on the DNA and primary amino acid sequences (9, 28, 43) . By computer analysis we predicted the secondary structure of gpl2O and gp4l, the cleavage products of gp160 (11) , and predicted potential antigenic sites by superimposing this * Corresponding author. secondary structure with the values for hydrophilicity, flexibility, surface probability, and glycosylation. Thus, 11 potential antigenic sites were identified, 9 of which were located in the exterior part (gpl20) of the envelope protein and 2 in the membrane-bound portion (gp4l). Five highly variable regions were characterized, all contained in gpl20, coinciding with the predicted epitopes. In sequential isolates from a single patient, all alterations of secondary structures occurred in those regions which were identified as antigenic epitopes.
These results indicate that genomic variations of the AIDS virus seem to be manifested mainly in the extracellular portion of the envelope protein. The fact that those variations coincide with possible antigenic sites suggests that these regions may be immunogenic and may be of fundamental importance for the pathobiology of the virus.
MATERIALS AND METHODS
DNA and protein sequences. The following convention will be used to designate the HIV strains used. Strains HTLV-III(BH10), LAV(1A), HTLV-III(HAT3), HTLV-III(WMJ1), HTLV-III(WMJ2), and HTLV-III(WMJ3) are referred to as BH10, LAV1A, HAT3, WMJ1, WMJ2, and WMJ3, respectively.
The nucleotide sequences of the envelope open reading frames of HIV strains BH1O, LAV1A, and ARV2 have been previously reported (36, 39, 45) . HAT3 is the nucleotide sequence of a virus isolated in 1983 from a patient with AIDS (20, 33, 43) ; WMJ1 is a virus isolate from a child with AIDS born in 1982 and infected perinatally by her HIV-positive mother. WMJ2 and WMJ3 are sequential isolates from this same patient taken 3 (WMJ2) and 7 (WMJ3) months after the first (21) . (16) . These predictions were superimposed with local hydrophilicity values (23) . As an alternative to hydrophilicity, the values for surface probability (modified from Emini et al. [13] ) or flexibility (24) were superimposed. For Chou-Fasman calculations, the probability of the occurrence of a-helixes, 1-pleated sheets, 1-turn regions, and random coil structures were evaluated by using stringent conditions: Pboundary 2 1, with Pp > P and Pt > Pa (Pp = probability for 13-sheet, Pa = probability for a-helical region, and Pt = probability for ,B-turn regions).
The parameters were averaged over five amino acid residues with a limit of 0.7 for hydrophilicity, 5 .0 for surface probability, and 1.040 for flexibility. 1 (1, 11) .
Although the overall sizes and structures of the seven surface proteins are rather similar, the deduced amino acid sequences differ substantially. On the average only 66% of the amino acids are conserved in the exterior part of the protein, and these changes are clustered in special regions with only up to 10% conserved amino acids. gp4l, the transmembrane part of the envelope protein complex, shows more than 80% conserved amino acids ( Fig. 1 Table 1 ). These regions are mainly located in 13-turn regions which show a high degree of nonhydrophobic or flexible amino acid sequences or are predicted to have a high probability of location at the surface of the polypeptide (8, 12, 13, 19, 32, 44) .
In gpl20, nine epitopes (I to IX) with a high antigenic potential can be predicted ( 9 of the open reading frame. The probability of the occurrence of a-helices (), p-pleated sheets (-), random coils (-), and p-turn regions ( i ) were evaluated by using stringent conditions. The parameters for hydrophilicity, flexibility, and surface probability were averaged over five amino acid residues, with a limit of 0.7 for hydrophilicity, 1.040 for flexibility, and 5.0 for surface probability. Symbols: (Fig. 1 and 2 , Tables 1 and 2 ). The first, epitope X, is located in a slightly variable region (56% conserved amino acids) and contains four conserved glycosylation sites, has high values for hydrophilicity, surface probability, and flexibility, has 4 to 6 n-turns, and is probably the only antigenic site in gp4l which is located outside the lipid bilayer and accessible to antibody reaction and recognition. The second epitope (amino acids 722 to 745) is located directly after a stretch of hydrophobic amino acids which is likely to be a transmembrane region of gp4l (TM3); these hydrophilic, flexible amino acids in ,8-turn regions with high surface probability probably represent the hydrophilic anchor sequence which has been identified in most membrane proteins (10) . This region, however, should be inside the cell and thus is not the best epitope for antigenic response. The following stretch of about 100 amino acids has a further region which might be an antigenic determinant. This region, whose function is not known, might however be gradually cleaved off by proteases from the precursor before maturation of gp4l. With antibodies against a synthetic peptide derived from this region (25) , mainly the precursor gpl60 could be identified; furthermore, the molecular size of a glycosylated gp4l should be about 52,000 to 54,000 daltons by calculation (42,000 daltons of the primary product plus the molecular size of the carbohydrate moiety) unless it is proteolytically processed.
Alterations in the envelope proteins of the sequential isolates. The envelope proteins of the sequential viral isolates from the same patient which were taken at intervals of 3 and 4 months are very similar in size and show only three amino acid deletions or insertions. Most changes are due to point mutations (21) . Most of the alterations in the amino acid sequences which are due to those mutations are located in those regions which were found to be highly variable. Differences in the secondary structures (Fig. 1) were identified in regions Vi, V2, V3, and V4, corresponding with antigenic epitopes I, II, IV, and VI, and in epitopes V and X, which are located in slightly variable regions (76 and 56% of conserved amino acids, respectively). A further p-turn alteration occurs in region C5 in a short hydrophilic environment which may be located between two transmembrane-spanning regions (Fig. 1, 2, and 3) . That means that all alterations concerning the secondary structure of the envelope protein, with the exception of that in region C5, are located in the predicted antigenic determinants; epitopes III, VII, VIII, IX, and XI are conserved. Interestingly, some of the ,B-turn alterations identified in isolates WMJ1 and WMJ2 are reversed in isolate WMJ3 (I, II, IV, and VI), even if there are further variations in the amino acid sequence (I and IV).
Prediction of tertiary structures. After cleavage of the leader peptide from precursor protein gpl60, gpl20 represents the highly glycosylated exterior part of the envelope protein complex of HIV. This polypeptide part is likely against a direct involvement of disulfite bonds in the comconnected only via the ionic interactions of 14 positively plex formation of gp120 and gp4l (17) . charged amino acids in the carboxy-terminal region of gp120
The transmembrane polypeptide gp41 contains three (region C4) adjacent to the cleavage site with the negatively stretches of hydrophobic amino acids. Directly after the charged phosphate groups in the bilayer membrane. There cleavage site there are about 60 hydrophobic residues (amino are 18 conserved cysteine residues dispersed over the gpl20 acids 511 to 571) which are interrupted by a stretch of about sequence (Fig. 1) which might also be involved in the 10 amino acids that are predicted to have a high surface complex formation of gpl20 and gp4l. A report describing probability and, in comparison with the surrounding resithe frequent loss of gpl20 from the particles during purificadues, a higher hydrophilicity and flexibility and some altertion and immunoelectron microscopy argues, however, ations in ,-turns. From the patterns of other viral (22, 32) or (48) . Between TM2 and TM3 hydrophobic regions from the N terminus of gp4l are 90 amino acid residues (580 to 670) which should be facing the outer side of the lipid bilayer. Within this region are four conserved glycosylation sites and a good antigenic probability (epitope X). These considerations were combined into a three-dimensional model of the HIV envelope protein complex (Fig. 3) . Alternatively, TM1 and TM2 may represent an apolar hydrophobic stretch of amino acids located outside the viral membrane and may play a role similar to the paramyxovirus fusion protein by penetrating into the membrane of the fusion partner (31 (21, 40, 43, 50) . In the present study we analyzed the deduced amino acid sequences of seven HIV isolates and predicted the secondary structures in combination with the values for hydrophilicity, flexibility, and surface probability, which resulted in the identification of potentially antigenic epitopes.
Analysis of the primary and secondary structure of polypeptide shows that antigenic determinants are often found in loop like structures on the surface of a molecule that have been identified as biologically important regions in several other viral membrane or capsid proteins (8, 12, 19, 28, 30, 32, 47) . Antigenic sites formed by the folding of the amino acid chain to tertiary structures contribute to immunological activities; this cannot be predicted by calculations similar to those applied here. By our methods, 11 epitopes could be identified and characterized in the envelope protein complex of HIV, 9 of which are located in the exterior protein gp120. A comparison of the amino acid sequences of the seven viral strains led to the subdivision of gpl20 into highly variable and conserved regions. Five highly variable regions could be identified, all of which coincided with the predicted epitopes I, II, IV, VI, and VIII. These epitopes, due to their concentration of 3-turns and hydrophilic amino acids, have a very high potential for antigenicity. Genomic variation primarily occurs in the exterior envelope sequences and corresponds to predicted epitopes of different AIDS virus strains, which differ also in sequential isolates from the same patient (epitopes I, II, IV, and VI), suggesting that immune selection may play an important role in the generation of variant virus strains. Two related retroviruses, equine infectious anemia virus and visna virus (18, 41, 42) , show similar progressive changes in their envelope genes. There is evidence that these changes do, in fact, lead to substantial changes in the antigenic properties of the envelope which may reflect immune selective pressure exerted by the host (7, 29, 38) .
Whereas the variable regions of the exterior protein gpl20 possess properties typical for antigenic sites, the conserved regions are generally hydrophobic and lack areas with a high number of f-turns. There are only three exceptions: epitope III in region C2, epitope VII in region C3, and epitope IX in region C4. Epitope III has only two amino acids predicted in a-turn configurations and must be considered of minor antigenic potential, in comparison with the other epitopes. Epitope VII shows many p-turns; these however are only slightly hydrophilic and have no high values for surface probability. Epitope XI in C4 (amino acids 470 to 483) consists of a stretch of hydrophilic, flexible amino acids in r-turn areas with high surface probability; this region is adjacent to the cleavage site, and a synthetic peptide corresponding to that region reacted with about 80% of the sera from HIV-positive individuals (S. Modrow, unpublished data). However, it is unclear if this epitope is conserved in all virus strains. It is also possible that conserved region C4 might contribute to biologically important functions of the virus particle such as virus cell adsorption and connection of gpl20 to the envelope membrane; both functions could protect this region from selective immune pressure.
The highly conserved protein structures together with 18 cysteine residues conserved in the seven strains may contribute to the stability of a constant core structure of gpl20, with variable, highly antigenic regions looping out.
In contrast to the exterior protein gpl20, transmembrane polypeptide gp4l contains no region of high variability and consists mainly of regions with hydrophobic areas which may be arranged into three transmembrane regions. Between these transmembrane regions is a glycosylated region with good predicted antigenicity (epitope X), which may be located outside the viral envelope and thus may be recognized by the immune system of the host. This region has only slight variability and may contribute to biologically important functions as well. It thus could represent a valuable diagnostic antigen. It has been shown (4, 5) that segments of the protein, including epitope X, when produced as recombinant gene products in bacteria, are recognized by HIVpositive sera in enzyme-linked immunosorbent assays and Western blots; preliminary results with a synthetic peptide from this region give similar results (Modrow, unpublished) . The last epitope, epitope XI, consists of stretches of highly hydrophilic, flexible amino acids with high values for surface probability and several p-turns. This region may represent the hydrophilic anchor sequences located adjacent to transmembrane region TM3 and thus should be located inside the cell.
The observation that HIV binds to the CD4 molecule of T cells (27) 
